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Click-evoked  potentials  were  recorded  from  the  round  window  (cochlear  microphonic  and  audi 
*ory  nerve >,  cochlear  nucleus,  and  auditory  cortex  of  unanesthetized  cats  during  periods  of  audi¬ 
tory  attention  and  nonattention.  The  clicks  (irrelevant  stimuli)  of  increasing  intensity  were 
presented  continuously  as  background  before,  during,  and  after  the  presentation  of  a  warning 
stimulus  (SI)  followed  by  an  imperative  (relevant)  stimulus  (S2)  to  which  the  cats  made  a  be¬ 
havioral  response.  At  all  electrode  sites,  when  the  cats  were  attentive  to  S2,  the  mean  ampli¬ 
tudes  of  background  irrelevant  click-evoked  potentials  within  the  S1-S2  interval  were  not  sig¬ 
nificantly  different  from  those  of  the  pretest  and  posttest  control  sessions.  During  auditory 
attention,  no  evidence  was  obtained  for  peripheral  gating  at  the  auditory  nerve  by  the  olivocochlear 
bundle.  T'"n  dissociation  observed  between  the  amplitudes  of  background  irrelevant  click-evoked 
potentials  and  behavioral  performance  may  reflect  overlearning  of  the  S1-S2  response  task. 


During  selective  attention,  a  selective  process  occurs 
within  the  central  nervous  system  (CNS)  in  that  relevant 
sensory  stimuli  are  perceived  while  irrelevant  stimuli  are 
rejected  (Hernandez-Peon,  1966).  A  central  issue  in  the 
related  literature  has  been  whether  the  neural  mechanism 
that  allows  an  organism  to  process  sensory  information 
selectively  occurs  at  an  "early”  or  "late"  stage  of 
processing,  or  at  both  (Hillyard  &  Kutas,  1983).  Since 
the  behavioral  evidence  has  not  been  able  to  resolve  this 
issue  in  favor  of  either  early-selection  (Broadbent,  1958; 
Treisman,  1969)  or  late-selection  (Deutsch  &  Deutsch, 
1963;  Norman,  1968)  models,  several  researchers  have 
sought  to  determine  whether  brain  evoked  potentials  (EPs) 
and  other  event-related  potentials  (ERPs)  can  be  used  to 
index  the  various  stages  of  information  processing  (e.g., 
Naatanen,  1982). 

A  number  of  studies  that  used  ERPs  to  examine  the  neu¬ 
ral  mechanisms  of  selective  attention  in  humans  have  had 
contradictory  results.  Research  supporting  the  early- 
selection  hypothesis  in  the  auditory  modality  has  shown 
significant  increases  in  evoked-potential  amplitude  of  the 
N 1  component  when  a  subject  attended  to  a  relevant  stimu¬ 
lus,  compared  with  when  his/her  attention  was  directed 
to  other  (irrelevant)  stimuli  in  the  same  modality  (Hill- 
yard,  Hink,  Schwent,  &  Picton,  1973;  Hink  &  Hillyard, 
1976;  Schwent  &  Hillyard,  1975;  Schwent,  Hillyard,  & 
Galambos,  1976a,  1976b;  Schwent,  Snyder,  &  Hillyard, 
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1976).  Conversely,  when  attention  was  directed  toward 
a  stimulus  in  another  modality,  Lukas  (1980,  1981)  found 
that  several  early  brainstem  auditory  evoked  potentials 
were  diminished,  although  Picton,  Stapells.  and  Camp¬ 
bell  (1981)  failed  to  replicate  this  effect.  In  subsequent 
studies,  Hansen  and  Hillyard  (1980,  1983)  examined 
“difference  waveforms”  and  observed  a  prolonged  nega¬ 
tive  ERP  (termed  processing  negativity  or  Nd  wave).  Since 
this  enhanced  negativity  has  a  short  latency  of  onset 
(60-80  msec),  it  was  taken  to  be  an  index  of  an  early- 
selection  process,  which  allows  irrelevant  stimuli  to  be 
rejected  quickly  and  efficiently  (Hansen  &  Hillyard, 
1984). 

Additional  support  for  an  early-selection  process  has 
been  suggested  by  other  researchers  who  have  observed 
attention-related  differences  between  the  ERP  components 
of  attended  and  unattended  stimuli  in  the  visual  modality 
(Hillyard  &  Miinte,  1984;  Mangun,  Hansen,  &  Hillyard, 
1986)  and  in  the  somatosensory  modality  (Desmedt  & 
Robertson,  1977;  Lavine,  Buchsbaum,  &  Schechter, 

1980) .  Eason,  Oakley,  and  Flowers  (1983)  and  Eason 
(1984),  in  work  with  the  visual  modality,  found  that  am¬ 
plitudes  of  the  b-wave  and  after-potential  of  the  elec- 
troretinogram  (ERG)  were  larger  to  attended  than  to  un¬ 
attended  visual  stimuli,  and  they  interpreted  these  results 
as  providing  further  evidence  for  early  sensory  filtering 
of  irrelevant,  unattended  information.  However,  Mangun 
et  al.(1986)  tried  to  replicate  the  ERG  finding  and  found 
no  attention  effect  on  the  b-wave  or  the  after-potential  of 
the  ERG.  Although  these  studies  generally  lend  credibil¬ 
ity  to  the  early-selection  hypothesis,  other  studies  have 
found  no  attention-related  changes  of  the  subcortical  com¬ 
ponents  in  the  auditory  modality  (Picton  &  Hillyard,  1974; 
Picton,  Hillyard,  Galambos,  &  Schiff,  1971 ;  Picton  et  al., 

1981) ,  the  visual  modality  (Wastell  &  Kleinman,  1980), 
or  the  somatosensory  modality  (Velasco  &  Velasco,  1975; 
Velasco,  Velasco,  &  Olvera,  1980). 
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Hemandez-Peon  ( 1966)  proposed  a  possible  physiologi¬ 
cal  mechanism  for  early  selection.  He  suggested  that 
changes  in  evoked-potential  amplitude  due  to  attention 
reflect  a  peripheral  modulating  mechanism  that  selectively 
enhances  sensory  inputs  to  relevant  stimuli  or  inhibits  sen¬ 
sory  inputs  to  irrelevant  stimuli  or  both.  These  early  ex¬ 
periments  (Hernandez-Pe<5n.  1966;  Hemandez-Pedn, 
Scherrer.  &  Jouvet.  1956),  which  demonstrated  a  reduc¬ 
tion  in  amplitude  of  cochlear  nucleus  evoked  potentials 
to  clicks  when  cats  were  attentive  to  visual  or  olfactory 
stimuli,  have  been  criticized  on  methodological  grounds 
(Worden,  1966).  However,  in  later  studies  that  controlled 
for  stimulus  constancy  and  the  effects  of  middle-ear  mus¬ 
cles,  Oatman  ( 1971 ,  1976)  provided  evidence  that  audi¬ 
tory  evoked  potentials  at  the  receptor  and  the  cortical 
levels  are  suppressed  in  amplitude  while  an  animal  is  at¬ 
tending  to  visual  stimulation.  Oatman  (1982)  suggested 
that  while  an  animal  is  paying  attention  to  visual  stimula¬ 
tion,  a  central  inhibitory  mechanism  suppresses  irrelevant 
auditory  stimuli  through  the  action  of  the  olivocochlear 
bundle  (OCB).  The  existence  of  the  OCB  (Rasmussen, 
1960),  which  projects  to  the  hair  cells  of  the  cochlea,  has 
been  shown  to  inhibit  auditory  input  at  the  receptor  level 
during  habituation  and  distraction  experiments  (Buno, 
Velluti,  Handler,  &  Garcia-Austt,  1966)  and  during  at¬ 
tention  to  a  visual  stimulus  (Oatman,  1971,  1976;  Oat¬ 
man  &  Anderson,  1977).  This  evidence  supports  the  idea 
that  the  OCB  performs  an  inhibitory  function  by  control¬ 
ling  auditory  input  to  the  CNS  at  the  peripheral  level,  a 
process  that  may  constitute  a  neural  mechanism  for  early 
selection.  Although  the  previous  studies  (Oatman,  1971 . 
1976;  Oatman  &  Anderson,  1977)  demonstrated  a  cross- 
modality  gating  effect  during  selective  attention,  the  ques¬ 
tion  remains  as  to  whether  a  similar  gating  function  might 
be  evident  within  the  auditory  modality  during  attention 
to  auditory  stimuli. 

The  purpose  of  the  present  experiment  was  to  deter¬ 
mine  whether  attention  to  relevant  auditory  stimuli  (two 
tones  presented  successively)  enhances  or  inhibits  irrele¬ 
vant  auditory  click-evoked  potentials  presented  to  the  same 
ear.  The  experimental  paradigm  was  that  of  a  variable- 
foreperiod  reaction-time  experiment,  which  is  typically 
used  in  the  development  of  the  contingent  negative  vari¬ 
ation  (CNV;  Tecce,  1972;  Walter,  Cooper,  Aldridge, 
McCallum,  &  Winter,  1964).  A  warning  or  preparatory 
stimulus  (SI)  was  followed  by  an  imperative  stimulus 
(S2),  to  which  the  subject  made  a  behavioral  response  and 
received  food  reinforcement  for  a  correct  response.  To 
increase  the  subjects'  attentiveness  and  avoid  temporal 
conditioning,  the  S1-S2  interval  was  varied  randomly  be¬ 
tween  I  and  6  sec.  In  the  usual  paradigm,  the  S1-S2  in¬ 
terval  is  empty  or  silent  while  the  subject  maintains  a  sin¬ 
gle  attention  set  in  order  to  make  a  response  to  S2  (Tecce, 
1972).  In  the  present  experiment,  however,  irrelevant 
click  stimuli  were  presented  within  the  S 1 -S2  interval  so 
that  I  could  examine  the  changes  in  click-evoked  poten¬ 
tials  associated  with  attentive  and  nonattentive  states  of 
the  animal.  1  thought  that  if  selective  attention  within  the 


auditory  modality  initiated  a  gating  or  filtering  effect  simi¬ 
lar  to  the  cross-modality  effect  (Oatman,  1971,  1976), 
then  the  irrelevant  click-evoked  potentials  would  be  sup¬ 
pressed  in  amplitude  through  the  action  of  the  OCB  at  the 
receptor  level  in  the  afferent  auditory  pathway. 

On  the  other  hand,  there  have  been  many  reports  of  the 
enhancement  of  single-  and  multiple-unit  responses  to  a 
positive  auditory  conditioned  stimulus  during  classical  and 
instrumental  conditioning.  These  enhanced  auditory 
responses  have  been  observed  in  the  cochlear  nucleus  dur¬ 
ing  classical  conditioning  in  the  cat  (Oleson,  Ashe,  & 
Weinberger,  1975);  the  inferior  colliculus  during  appeti¬ 
tive  conditioning  in  the  rat  (Birt  &  Olds,  1981,  1982); 
medial  geniculate  body  during  classical  conditioning  in 
the  cat  (Ryugo  &  Weinberger,  1978),  appetitive  condi¬ 
tioning  in  the  rat  (Disterhoft  &  Olds,  1972),  and  avoidance 
conditioning  in  the  rabbit  (Gabriel,  Miller,  &  Saltwick, 
1976;  Gabriel,  Orona,  Foster,  &  Lambert,  1982;  Gabriel, 
Saltwick,  &  Miller,  1975);  and  auditory  cortex  during 
classical  conditioning  in  the  cat  (Diamond  &  Weinberger, 
1984;  Weinberger,  Hopkins,  &  Diamond,  1984), 
avoidance  conditioning  in  the  rabbit  (Gabriel  et  al.,  1982), 
and  instrumental  conditioning  in  the  monkey  (Benson  & 
Hienz,  1978;  Goldstein,  Benson,  &  Hienz,  1982).  In  ad¬ 
dition,  Hansen  and  Hillyard  (1983)  reported  that  even 
though  subjects  responded  only  to  the  relevant  stimuli  be¬ 
longing  to  the  attended  channel,  all  the  auditory  stimuli 
in  that  channel— relevant  and  irrelevant  alike— elicited 
ERPs  with  similarly  enhanced  N1  amplitudes.  In  the 
present  study,  the  possibility  existed  that  receptor  enhance¬ 
ment  of  irrelevant  click-evoked  potentials  within  the 
S1-S2  interval  could  occur  during  attention  to  the  rele¬ 
vant  auditory  stimulus  (S2).  Amplitude  measures  of  the 
auditory  evoked  potentials  recorded  concurrently  at  the 
receptor  and  the  cortical  levels  were  used  to  assess  the 
effects  of  auditory  attention  on  irrelevant  auditory  click 
stimuli. 

The  study  was  also  designed  to  determine  the  relation¬ 
ship  between  the  intensity  of  the  irrelevant  click  stimuli 
and  the  amount  of  the  evoked-potential  enhancement  or 
suppression  under  conditions  of  attention  and  nonatten¬ 
tion  within  the  auditory  modality.  Stimulus  intensity  has 
been  suggested  to  be  an  important  variable  in  determin¬ 
ing  the  magnitude  of  the  N1  effect  (Schwent,  Hillyard, 
&  Galambos,  1976a,  1976b)  and  in  accounting  for  the 
failure  of  several  studies  to  obtain  reliable  attention  ef¬ 
fects  upon  N1  components  of  the  evoked  potential 
(Schwent,  Hillyard,  &  Galambos.  1976b).  These  studies 
have  shown  that  the  magnitude  of  the  N1  enhancement 
was  more  pronounced  when  low-intensity  stimuli  were 
used  than  when  high-intensity  stimuli  were  used.  Oatman 
(1976)  also  suggested  that  the  intensity  of  the  irrelevant 
stimuli  was  important  in  determining  the  amount  of  cross¬ 
modality  suppression  of  the  auditory  evoked  potentials 
His  results  showed  that  during  attention  to  visual  stimuli, 
greater  suppression  of  irrelevant  click-evoked  potentials 
occurred  at  low-intensity  clicks  than  at  high-intensity 
clicks.  In  the  present  study,  a  wide  range  of  click  intensi- 
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ties  was  presented  under  conditions  of  attention  and  non¬ 
attention,  because  the  enhancement  or  inhibition  of  irrele¬ 
vant  click-evoked  potentials  might  be  expected  to  emerge 
most  clearly  to  low-intensity  clicks. 


METHOD 

Subjects 

Four  female  cats,  each  weighing  approximately  2  5  kg.  had  elec¬ 
trodes  placed  on  the  round  window  and  bilaterally  in  the  cochlear 
nucleus  and  auditory  cortex  under  sodium  pentobarbital  anesthesia 
(0.5  ml/lcg  at  a  concentration  of  65  mg/ml).  The  cochlear  nucleus 
electrodes  were  stereotaxically  implanted  through  small  holes  bored 
in  the  skull  according  to  coordinates  in  the  stereotaxic  atlas  of  Snider 
and  Niemer  (1961).  The  concentric  bipolar  electrodes  were  made 
of  0.2-mm  stainless  steel  wire  and  inserted  into  0.5-mm  stainless 
steel  tubing  (Rhodes  Model  NEX-100).  Both  the  wire  and  the  tub¬ 
ing  were  coated  with  an  Epoxylite  insulator  up  to  0.5  mm  from 
the  tip:  the  tips  were  1 .0  mm  apart.  The  cortical  electrodes  were 
flattened  monopolar  silver-ball  electrodes  stereotaxically  implanted 
on  the  dura  over  the  primary  auditory  cortex  (AI).  The  round  win¬ 
dow  electrode  was  a  0.2-mm  ball-upped  stainless  steel  wire  in  poly¬ 
ethylene  tubing.  At  the  time  of  the  round  window  implantation,  the 
tendons  of  the  stapedius  and  tensor  tymparu  middle-ear  muscles  were 
cut.  The  indifferent  electrode  was  a  stainless  steel  screw  placed  over 
the  frontal  sinus:  another  stainless  steel  screw,  placed  at  the  posterior 
part  of  the  skull,  was  used  as  an  internal  ground  for  the  animal. 
A  detailed  explanation  of  the  surgical  preparation  used  in  this  ex¬ 
periment  can  be  found  elsewhere  (Oatman,  1971,  1976). 

Histology 

At  the  end  of  the  experiment,  the  cats  were  given  a  lethal  over¬ 
dose  of  intravenous  sodium  pentobarbital  Electrolytic  lesions  were 
produced  at  the  recording  sites  of  each  concentric  electrode.  The 
lesion  current  was  1  mA  for  15  sec.  The  brains  were  removed  and 
placed  in  formalin  and  potassium  ferrocyanide  All  placements  were 
verified  histologically  using  unstained,  frozen  sections  (Siegel. 
1968).  For  all  4  cats,  the  histology  slides  confirmed  that  the  elec¬ 
trodes  were  placed  in  the  dorsal  cochlear  nucleus.  Examination  of 
the  brains  confirmed  that  the  auditory  electrodes  were  placed  on 
the  middle  ectosylvian  gyrus  (AI).  Middle  ears  were  examined  with 
a  Bausch  and  Lomb  Stereozoom  Seven  dissecting  microscope  to 
determine  that  the  middle-ear  muscle  tendons  had  been  completely 
severed. 

Acoustic  Stimulation 

The  relevant  auditory  stimuli  consisted  of  pairs  of  tones  presented 
successively.  The  first  tone  (SI )  of  the  pair,  which  served  as  a  warn¬ 
ing  stimulus  for  the  arrival  of  the  second  (imperative)  lone  ( S2 ; , 
was  a  1000-Hz  tone  (2.5-msec  rise-decay  time,  0.5-sec  duration). 
The  second  tone  of  the  pair,  the  imperative  stimulus,  was  an  800- 
Hz  tone  (2  5-msec  rise-decay  time,  4-sec  duration).  The  cat  had 
to  respond  to  S2  by  pushing  the  rtsponse  key  to  receive  food  re¬ 
ward.  The  response  key,  operated  by  the  cat,  terminated  S2.  To 
perform  the  task,  the  cats  had  to  inhibit  their  response  to  SI ,  wait 
for  the  onset  of  S2,  and  push  the  response  key  to  receive  food  rein¬ 
forcement;  however,  the  cats  did  not  know  precisely  when  S2  would 
begin,  because  its  onset  was  delayed  randomly  between  1  and  6  sec. 
With  the  variable  delay  of  the  onset  of  S2,  attention  was  maintained 
and  temporal  conditioning  between  SI  and  S2  avoided.  If  the  cat 
responded  during  the  SI-S2  interval  (T1 ,  Figure  I ),  it  received  no 
reinforcement  and  the  onset  of  the  next  trial  was  delayed  25  sec. 
A  trial  consisted  of  one  S 1 -S2  response  sequence,  and  the  time  be¬ 
tween  trials  varied  from  20  to  45  sec .  Both  tones ,  S 1  and  S2 ,  were 
generated  by  two  wide-range  oscillators  (Hewlett-Packard  Model 


200CDR)  and  monitored  by  two  electronic  counters  (Computer 
Measurement  Corporation  Model  608).  The  tones  were  presented 
at  85  dB  SPL  (re  0.0002  jibar)  through  a  sound-tube  system  that 
terminated  at  the  entrance  to  the  cal's  external  meatus.  The  sound 
tube  was  not  fastened  to  the  pinna,  but  was  held  firmly  in  place 
at  its  entrance  by  a  bracket  attached  to  the  electrode  plug.  Sound 
pressures  were  calibrated  with  a  0.635-cm  condenser  microphone 
(Briiel  and  Kjaer  Type  4135)  and  placed  perpendicularly  to,  and 
just  in  front  of  the  end  of,  the  sound  tube.  Movements  of  the  sound 
tube  to  different  positions  within  the  test  cubicle  did  not  change 
the  output  voltage  from  the  microphone 

The  irrelevant  stimuli  consisted  of  auditory  clicks  superimposed 
within  the  interstimulus  (S1-S2)  interval  Auditory  clicks  weie 
presented  continuously  at  a  rate  of  one  per  second  as  background 
before,  during,  and  after  the  presentation  of  the  SI-S2  response 
paradigm,  but  they  were  not  synchronized  with  the  onset  of  the  rele¬ 
vant  tones.  The  auditory  clicks  were  generated  by  a  90-jisec  square- 
wave  pulse  (Tektronix  26G3).  The  pulses  were  led  through  a  high- 
pass  filter  (Allison  Laboratories  Model  2-B.  4800  Hz),  and  through 
a  decade  attenuator  (General  Radio  Model  GR-1450)  and  a  power 
amplifier  (Crown  Model  D-150A)  to  a  driver  (University  Model 
ID-60).  The  clicks  were  presented  at  a  rate  of  one  per  second  at 
each  10-dB  intensity  step  from  35  to  125  dB  SPL  (re  0002  jibar) 
through  the  sound-tube  system  that  terminated  at  the  entrance  to 
the  cat's  external  meatus.  The  relevant  auditory  stimuli  (SI  and  S2) 
and  the  simultaneous  irrelevant  clicks  were  presented  to  the  same 
ear. 

Data  Collection  and  Procedure 

The  tests  were  conducted  in  a  sound-attenuating  box  that  had  a 
response  key  and  a  liquid  food  dipper  mounted  in  the  floor,  and 
a  driver,  with  a  sound  tube  attached,  mounted  in  the  top  of  the  box. 

Four  weeks  after  surgery,  the  cats  were  placed  into  the  sound¬ 
attenuating  test  cubicle  and  trained  on  the  S1-S2  response  paradigm 
using  food  reinforcement.  They  were  gradually  deprived  of  food 
until  they  were  on  a  22-h  deprivation  schedule.  Then  they  learned 
the  S1-S2  response  task,  with  Purina  tuna  mixed  with  water  as  food 
reinforcement.  All  cats  received  either  100  trials  or  50  food  rein¬ 
forcements  on  each  day  of  training,  until  they  reached  a  criterion 
of  20  consecutive  correct  responses.  After  testing,  the  cats  were 
given  free  access  to  Purina  Cat  Chow  for  1  h.  The  cats  were  main¬ 
tained  under  a  12 : 12-h  lightdark  cycle  in  which  the  lights  were 
turned  on  at  0600  h  and  turned  off  at  1 800  h.  The  cats  were  tested 
every  morning  in  the  same  sequence,  beginning  at  0800  h. 

After  the  cats  were  trained  to  perform  at  criterion,  the  electrodes 
were  checked  and  the  data  were  collected  in  recording  sessions  that 
consisted  of  three  different  periods.  (1)  a  pretest  control  period  dur¬ 
ing  which  the  cat  was  awake,  relaxed,  and  receiving  only  click 
stimuli;  (21  an  experimental  period  during  which  the  cat  was  receiv¬ 
ing  simultaneously  irrelevant  auditory  clicks  and  relevant  tones 
(S1-S2  response)  with  food  reinforcement  for  a  correct  response; 
and  (3)  a  posttest  control  period  similar  to  the  pretest  control  period. 
Figure  I  shows  a  schematic  diagram  of  the  stimulus  presentation 
for  the  three  recording  periods.  The  data  collection  for  the  ex¬ 
perimental  period  began  0.5  sec  after  the  ending  of  the  1000-Hz 
tone  (S 1 )  to  prevent  masking  of  the  evoked  potentials,  and  included 
only  those  evoked  potentials  presented  during  Tl,  that  is,  those 
within  the  S1-S2  interval  (Figure  1).  The  three  recording  sessions— 
pretest  control,  experimental,  and  posttest  control— were  conducted 
during  the  same  day.  Evoked  potentials  to  clicks  for  each  of  the 
three  recording  sessions  were  then  collected  at  each  of  10  different 
intensities  (I  intensity  per  day)  in  an  ascending  order  of  presenta¬ 
tion  from  35  to  125  dB  SPL  (re  0.0002  jibar). 

Simultaneous  recordings  to  click  stimuli  were  obtained  from  the 
round  window  (cochlear  microphonic  and  auditory  nerve),  the  co¬ 
chlear  nucleus,  and  the  auditory  cortex.  Recordings  were  obtained 
from  unrestrained  animals  via  a  Microdot  shielded  cable  connected 
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Figure  1.  Schematic  diagram  of  the  stimulus  presentation  of  the  auditory  tones  and 
clicks  for  experimental  and  control  recording  sessions. 


to  an  electroencephalograph  (Grass  Model  7),  placed  outside  the 
sound-attenuating  cubicle.  At  the  same  time,  the  click-evoked  poten¬ 
tials  were  recorded  on  a  14-channel  FM  tape  recorder  (Sangamo 
Model  4700),  from  which  they  were  led  into  a  signal  averager 
(Nicolet  Med  Model  80)  and  written  on  an  x-y  plotter  (Hewlett- 
Packard  Model  7035B).  Figure  2  shows  an  example  of  the  click- 
evoked  responses  from  the  round  window,  cochlear  nucleus,  and 
auditory  cortex  and  indicates  how  the  peak-to-peak  measurement 
was  made  foi  w.l.  electrode  placement.  Peak-tc  peak  amplitudes 
of  the  averaged  evoked  responses  were  measured  by  computer. 
Evoked  potentials  influenced  by  bodily  movement,  as  observed  in 
the  EEG,  were  discarded  from  the  data. 

RESULTS 

The  data  consist  of  averages  of  64  click-evoked  poten¬ 
tials  from  three  electrode  locations:  round  window,  co¬ 
chlear  nucleus,  and  auditory  cortex.  The  data  plotted  in 
Figures  3  through  6  are  averages  obtained  from  512  mea¬ 
surements  from  each  electrode  placement  recorded  on 
each  of  4  cats.  These  figures  show  the  average  peak-to- 
peak  amplitudes  of  the  auditory  responses  plotted  as  a 
ftmetion  of  auditory  intensity  for  each  of  the  three  record¬ 
ing  sessions:  pretest  control  (cat  nonattentive,  receiving 
only  auditory  dick  stimuli),  experimental  (cat  very  atten¬ 
tive,  receiving  relevant  auditory  tones  and  irrelevant  au¬ 


ditory  clicks  simultaneously),  and  posttest  control  (cat 
nonattentive,  receiving  only  auditory  click  stimuli). 

Figure  3  shows  that  the  mean  peak-to-peak  amplitudes 
of  auditory  cortex  click-evoked  potentials  were  of  a 
smaller  amplitude  when  the  cats  were  very  attentive  to 
the  relevant  auditory  stimulus  (S2)  than  when  they  were 
nonattentive.  However,  an  analysis  of  variance  (ANOVA) 
(Butler,  Kamlet,  &  Monty,  1969)  indicated  no  significant 
differences  between  the  recording  sessions  (pretest  con¬ 
trol,  experimental,  and  posttest  control)  [F(2,90)  =  1.57]. 

The  mean  peak-to-peak  amplitudes  of  the  cochlear 
nucleus  as  a  function  of  recording  session  and  increased 
auditory  intensity  appear  in  Figure  4.  The  figure  shows 
that  when  the  attention  of  the  cats  was  focused  on  the  rele¬ 
vant  auditory  stimulus  (S2),  mean  amplitudes  of  the  co¬ 
chlear  nucleus  click-evoked  potentials  changed  very  lit¬ 
tle  when  compared  with  the  control  recording  sessions. 
An  ANOVA  indicated  no  significant  differences  between 
the  pretest  control,  experimental,  and  posttest  control  ses¬ 
sions  (F  <  1). 

Figure  5  shows  the  mean  peak-to-peak  amplitudes  of 
the  auditory  nerve  responses  as  a  function  of  increased 
auditory  intensity  and  attentive  state.  Again,  the  mean 
peak-to-peak  auditory  nerve  responses  did  not  change  in 
amplitude  when  the  cats  were  attentive  to  the  relevant  au- 
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Figure  2.  Averaged  dick-evoked  responses  recorded  from  the  cochlear  nucleus  and  auditory  cor¬ 
tex.  The  round  window  waveform  shows  cochlear  microphonics  (CM)  and  auditory  nerve  (N1-N2) 
responses  to  a  single  dick.  Peak-to-peak  conventions  used  to  quantify  the  evoked  potentials  are  noted. 


ditory  stimulus  (S2).  An  ANOVA  indicated  no  signifi¬ 
cant  differences  between  the  pretest  control,  experimen¬ 
tal,  and  posttest  control  recording  sessions  (F  <  1). 

The  mean  peak-to-peak  amplitudes  of  the  cochlear 
microphonic  responses  as  a  function  of  attentive  state  and 
increased  auditor)'  intensity  appear  in  Figure  6.  which 
shows  that  the  mean  amplitudes  of  the  cochlear 
microphonic  responses  were  not  changed  when  the  cats 
were  attentive  to  the  relevant  auditory  stimulus  (S2),  An 
ANOVA  indicated  no  significant  differences  between  the 
pretest  control,  experimental,  and  posttest  control  record¬ 
ing  sessions  (F  <  1). 
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Figure  3.  The  mean  peak-to-peak  amplitude  of  auditory  cortex 
evoked  potentials  (in  microvolts)  as  a  function  of  dick  inteasity 
(decibels)  and  recording  session. 


DISCUSSION 

One  of  the  major  objectives  of  this  study  was  to  deter¬ 
mine  whether  the  OCB  performs  an  inhibitory  gating  func¬ 
tion  within  the  auditory  modality  during  selective  atten¬ 
tion  to  auditory  stimuli.  The  results  of  this  experiment 
demonstrated  that  paying  attention  to  a  relevant  auditory 
stimulus  (S2)  had  no  systematic  effect  on  the  irrelevant 
click-evoked  responses  within  the  S 1 -S2  interval  recorded 
from  the  peripheral  (cochlear  microphonic.  auditory 
nerve,  or  cochlear  nucleus)  or  central  (auditory  cortex) 
auditory  systems.  For  the  parameters  used  in  this  study, 
it  appears  that  irrelevant  click-evoked  potentials  of  in¬ 
creased  intensity  recorded  from  the  auditory  pathways  are 
neither  facilitated  nor  inhibited  during  changes  in  audi¬ 
tory  attention.  No  evidence  was  obtained  for  peripheral 
gating  by  the  OCB  in  the  auditory  system  as  a  mecha¬ 
nism  for  early  auditory  selective  attention. 

By  using  the  same  experimental  procedures  and  con¬ 
trols  that  were  used  in  the  cross-modality  attention  studies 
(Oatman,  1971,  1976,  1982),  the  present  study  examined 
the  possibility  that  peripheral  gating  occurs  within  the  au¬ 
ditory  modality.  If  selective  attention  within  the  auditory 
modality  initiated  a  peripheral  gating  effect,  similar  to  the 
cross-modality  effect,  then  the  irrelevant  click-evoked 
potentials  would  be  suppressed  in  amplitude  at  the  recep¬ 
tor  level.  The  failure  to  demonstrate  suppression  of  ir¬ 
relevant  click-evoked  potentials  during  auditory  attention, 
and  thus  the  failure  to  demonstrate  peripheral  gating  within 
the  auditory  modality,  could  not  be  due  to  the  controls 
and  procedures  used  in  this  experiment.  The  present  ex¬ 
periment  was  designed  to  achieve  control  over  the 
peripheral  stimulus  input  to  the  auditory  pathways,  to 
eliminate  the  effects  of  the  miudlc  car  muscles,  and  to  con¬ 
trol  for  the  animal’s  own  bodily  movement  by  making  all 
amplitude  measures  before  the  movements  of  the  condi¬ 
tioned  response.  To  obtain  control  over  auditory-attention 
behavior  in  the  cats,  an  S1-S2  response  paradigm  using 
food  reinforcement  was  used.  The  method  used  to  main¬ 
tain  the  cats’  attention  was  to  delay  the  imperative-tone 
(S2)  onset  randomly  between  1  and  6  sec.  Instrumental 
conditioning  using  food  reinforcement  was  the  basic 
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F  igure  4.  The  mean  peak- to- peak  amplitude  of  cochlear  nucleus 
evoked  potentials  (in  microvolts)  as  a  function  of  dick  intensity 
(decibels)  and  recording  session. 

method  used  to  manipulate  the  significance  of  auditory 
stimuli  to  the  auditory  pathway.  This  type  of  task  was 
similar  to  the  successive  visual  task  previously  used  in 
the  cross-modality  attention  studies  (Oatman  1971,  1976), 
which  has  been  effective  in  altering  the  attentive  states 
of  the  animals.  The  operational  definition  that  the  animals 
had  attended  to  the  relevant  auditory  tone  (S2)  was  the 
behavioral  response  of  pressing  the  response  key.  It  might 
be  argued  that  the  lack  of  effect  observed  in  the  present 
experiment  was  due  to  the  failure  to  command  the  animals’ 
attention.  This  seems  unlikely  since  the  animals'  be¬ 
havioral  responses  in  the  present  experiment  confirmed 
that  the  animals  were  focusing  their  attention  upon  the 
relevant  auditory  stimulus  (S2)  to  maintain  the  criterion 
level  of  performance.  It  should  be  noted  that  the  present 
experiment  used  well-trained  animals  that  were  perform¬ 
ing  at  learning  asymptote. 

Since  the  data  were  collected  in  three  different  record¬ 
ing  sessions  (pretest  control,  experimental,  posttest  con¬ 
trol),  there  was  a  possibility  that  changes  in  the  general 
arousal  state  between  recording  sessions  could  have  af¬ 
fected  the  auditory  evoked  potentials  (Karlin,  1970)  A 
significant  feature  of  the  results  reported  here  is  that  the 
amplitudes  of  the  irrelevant  click-evoked  potentials  did 
not  change  in  the  attention  condition,  whereas  previous 
studies,  notably  those  by  Naatanen  (1967)  and  Kitzes, 
Earley,  and  Starr  (1978).  using  a  similar  paradigm  with 


irrelevant  tones  presented  within  the  S1-S2  interval  or 
the  conditioned  stimulus-unconditioned  stimulus  interval, 
reported  an  enhancement  in  the  evoked-potential  ampli¬ 
tudes  during  attention  conditions.  If  the  warning  stimu¬ 
lus  (SI)  triggered  a  heightened  nonspecific  arousal  in 
preparation  for  the  relevant  stimulus  (S2),  as  described 
in  Naatanen’s  experiment,  the  evoked  potentials  to  irrele¬ 
vant  stimuli  within  the  S1-S2  interval  might  have  been 
expected  to  be  significantly  larger  in  amplitude  than  the 
irrelevant  click-evoked  potentials  in  the  nonattention  con¬ 
trol  groups,  but  instead  they  were  not  significantly  differ¬ 
ent.  Although  it  is  natural  to  assume  that  some  form  of 
increased  arousal  is  likely  to  result  between  the  nonper¬ 
forming  and  the  performing  conditions,  there  is  a  lack 
of  convergent  evidence  that  such  a  manipulation  did  in¬ 
deed  create  a  change  in  state  of  arousal  or  alertness.  The 
negative  results  in  the  present  experiment  suggest  that 
differential  arousal  or  alertness  levels  did  not  occur  and 
that  a  state  of  heightened  alertness  was  continuously  main¬ 
tained  between  the  attention  and  nonattention  recording 
sessions.  This  suggestion  is  supported  somewhat  by  an 
analysis  of  the  EEG  activity  recorded  from  the  auditory 
cortex,  which  indicated  no  significant  shifts  in  alpha  ac¬ 
tivity  between  the  attention  and  the  nonattention  record¬ 
ing  sessions. 

Hillyard  et  al.  (1973)  presented  evidence  that  the  N1 
component  of  the  evoked  potential  is  reliably  enhanced 


F  igure  S.  The  mean  peak-to-peak  amplitude  of  auditory  nerve 
responses  (in  microvolLs)  as  a  function  of  dick  intensity  (decibels) 
and  recording  session. 
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Figure  6.  The  mean  peak-to-peak  amplitude  of  cochlear 
microphonics  (in  microvolts)  as  a  function  of  click  intensity  (deriheis) 
and  recording  session. 

over  and  above  any  changes  due  to  arousal  when  atten¬ 
tion  is  directed  to  the  relevant  stimuli,  and  that  all  the  au¬ 
ditory  stimuli  in  that  channel— relevant  and  irrelevant 
alike— elicited  ERPs  with  similarly  enhanced  N1  ampli¬ 
tudes  (Hansen  &  Hillyard,  1983).  However,  Hillyard,  Pic- 
ton,  and  Regan  (1978)  indicated  that  several  stimulus  con¬ 
ditions  must  be  fulfilled  before  the  N1  component  of  the 
evoked  potential  is  differentiated  between  attended  and 
nonattended  stimuli  and,  furthermore,  that  the  absence  of 
attention  effects  upon  the  N1  component  might  be  at¬ 
tributed  to  (1)  very  intense  stimuli,  (2)  a  slow  rate  of 
stimulus  presentation,  or  (3)  a  lack  of  similar  cues  (i.e., 
one  or  more  simple  physical  cue  differences,  such  as  pitch, 
spatial  location,  or  intensity)  between  the  relevant  and  ir¬ 
relevant  stimuli  (Hillyaid  &  Picton,  1979). 

It  seems  unlikely  that  the  negative  results  observed  in 
the  present  study  can  be  attributed  to  one  or  more  of  the 
above  stimulus  conditions.  First,  since  stimulus  intensity 
has  been  shown  to  affect  the  size  of  the  enhancement  of 
the  evoked  potentials  to  the  relevant  auditory  stimuli 
(Schwent,  Hillyard,  &  Galambos,  1976b),  a  wide  range 
of  irrelevant  click  intensities  were  presented  in  this  study. 
However,  the  present  experiment  showed  no  cvoked- 
potential  enhancement  at  the  cochlear  nucleus  or  the  au¬ 
ditory  cortex  to  irrelevant  clicks  of  either  high  or  low  in¬ 
tensity  during  attention  to  the  relevant  auditory  stim¬ 
ulus  (S2). 


Second,  a  presentation  rate  of  one  per  second  was  used 
in  this  study  because  significant  changes  in  the  irrelevant 
auditory  evoked  potentials  were  observed  in  the  cross- 
modality  studies  (Oatman,  1971,  1976)  using  the  same 
presentation  rate.  Insofar  as  the  presentation  rate  can  be 
thought  of  as  increasing  the  processing  load  (Parasura- 
man,  1978),  it  might  be  argued  that  the  failure  to  obtain 
enhancement  of  the  irrelevant  auditory  evoked  potentials 
was  due  to  the  stimulus  presentation  rate,  and  if  shorter 
interstimulus  intervals  had  been  used,  a  change  in  evoked- 
potential  amplitude  would  have  been  observed  (Hansen 
&  Hillyard,  1984;  Parasuraman,  1978,  1980;  Schwent, 
Hillyard,  &  Galambos,  1976a,  1976b).  Although  this  pos¬ 
sibility  exists,  it  seems  unlikely  since  the  subjects  were 
already  heavily  loaded  with  information  processing  by  be¬ 
ing  required  to  attend  to  the  relevant  tones  and  to  per¬ 
form  the  S1-S2  response  task. 

Third,  the  lack  of  similar  acoustic  or  physical  attributes, 
such  as  pitch,  spatial  location,  or  intensity,  between  the 
relevant  auditory  tones  and  the  irrelevant  auditory  clicks 
(Hillyard  &  Picton,  1979;  Woods,  Hillyard,  &  Hansen, 
1984)  may  explain  the  negative  results  observed  in  the 
present  study.  An  enhanced  negativity  to  all  stimuli,  tar¬ 
gets  and  nontargets  alike,  that  shared  easily  discrimina- 
ble  attributes  with  the  attended  auditory  stimuli  have  been 
reported  in  several  studies  (Hillyard  &  Kutas,  1983;  Hink, 
Hillyard,  &  Benson,  1978;  Okita,  1981).  In  contrast  to 
these  results,  a  major  finding  of  the  present  study  was 
that  when  attention  was  directed  to  the  relevant  stimuli, 
the  amplitudes  of  irrelevant  click-evoked  potentials  at  the 
cochlear  nucleus  and  auditory  cortex  did  not  change.  This 
finding  demonstrated  that  not  all  auditory  stimuli  delivered 
to  the  attended  ear  are  enhanced  in  amplitude  during  at¬ 
tention  to  the  relevant  stimuli.  It  is  conceivable  that  the 
auditory  evoked  potentials  to  the  relevant  tones  could  be 
enhanced  in  amplitude  during  auditory  attention  while  the 
evoked  potentials  to  click  stimuli  remain  unchanged  in 
amplitude  because  of  their  differences  in  acoustic  or  spec¬ 
tral  characteristics.  Thus,  auditory  attention  could  have 
been  narrowly  focused  upon  the  spectral  cues  of  the  rele¬ 
vant  tones,  so  that  the  irrelevant  click  stimuli  with  quite 
different  spectral  characteristics  fell  outside  the  “spot¬ 
light”  of  attention.  This  suggestion  is  supported  by  Woods 
et  al.  (1984),  who  found  that  focused  attention  to  speech 
sounds  in  the  attended  ear  did  not  produce  significant 
changes  in  N1  amplitude  to  pure  tones  in  the  same  ear 
when  compared  with  tones  in  the  unattended  ear. 

Although  the  present  experiment  focused  on  the  irrele 
vant  auditory  evoked  potentials  within  the  SI-S2  inter 
val,  an  assessment  of  the  auditory  evoked  potentials  to 
the  warning  tone  (SI)  and  the  relevant  tone  (S2)  might 
have  revealed  an  enhancement  in  amplitude  during  atten¬ 
tive  behavior.  A  clearer  result  would  have  been  obtained 
had  we  been  able  to  simultaneously  record  the  auditory 
evoked  potentials  to  the  relevant  auditory  tone  stimuli  as 
well  as  those  to  the  irrelevant  auditory  click  stimuli  It 
seems  likely  that  the  auditory  evoked  potentials  to  the  rele¬ 
vant  tone  (S2)  would  be  enhanced  in  amplitude  during  be- 
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havioral  response  acquisition,  since  there  have  been  many 
reports  of  the  enhancement  of  single-  and  multiple-unit 
responses  to  a  relevant  positive  auditory  conditioned 
stimulus  during  classical  conditioning  (Diamond  &  Wein¬ 
berger,  1984,  Ryugo  &  Weinberger,  1978;  Weinberger 
et  al.,  1984).  avoidance  conditioning  (Gabriel,  Miller,  & 
Saltwick,  1976;  Gabriel,  Orona,  Foster,  &  Lambert. 
1982;  Gabriel,  Saltwick,  &  Miller,  1975),  and  instrumen¬ 
tal  conditioning  (Benson  &  Hienz,  1978;  Disterhoft  & 
Olds,  1972;  Goldstein  et  a J.,  1982).  However,  the  present 
study  did  not  attempt  to  examine  the  effects  of  instrumental 
conditioning  procedures  upon  neural  activity  within  the 
auditory  pathways  during  the  acquisition  of  a  behavioral 
conditioned  response.  All  of  the  data  were  collected  when 
the  cats  were  well  trained  and  performing  at  the  criterion 
level.  Therefore,  these  experiments  were  unable  to  pro¬ 
vide  insight  into  those  neural  processes  that  operate  only 
during  the  initial  acquisition  of  the  behavioral  response. 

The  present  experiment  demonstrated  a  clear  dissocia¬ 
tion  between  the  amplitudes  of  the  background  irrelevant 
click-evoked  potentials  and  behavioral  performance.  The 
dissociation  may  in  part  reflect  the  stage  of  learning  of 
the  S1-S2  response  task.  For  example,  during  the  animals’ 
early  stage  of  learning  of  the  behavioral  response,  Wein¬ 
berger  and  Diamond  (1987)  observed  increases  in  both 
'  spontaneous''  or  ongoing  background  neural  activity  and 
relevant  tone-evoked  neural  activity  within  the  auditory 
medial  geniculate  body  and  cortex.  However,  following 
this  initial  association  between  the  conditioned  stimulus 
and  unconditioned  stimulus,  background  activity  did  not 
change,  while  additional  changes  in  evoked  activity  oc¬ 
curred.  Changes  in  the  background  activity  of  cortical  neu¬ 
rons  occurred  only  during  the  initial  acquisition  stage  of 
learning  (Diamond  &  Weinberger,  1984;  Disterhoft  & 
Olds,  1972,  Disterhoft  &  Stuart,  1976;  Weinberger  &  Di¬ 
amond,  1987),  whereas  background  activity  of  cortical 
neurons  did  not  change  during  the  performance  of  over- 
learned  responses  (Benson  &  Hienz,  1978;  Benson, 
Hienz,  &  Goldstein,  1981;  Goldstein  et  al.,  1982).  Dis¬ 
terhoft  and  Olds  (1972)  described  the  changes  in  back¬ 
ground  spike  rates  in  the  posterior  cortex  and  posterior 
thalamus  as  declining  during  the  first  40  trials  of  condi¬ 
tioning,  which  was  the  period  during  which  behavioral 
response  conditioning  occurred.  At  the  end  of  this  period, 
background  rates  in  both  the  thalamus  and  cortex  reached 
a  reduced  rate  and  remained  constant.  Because  the  present 
experiment  used  well-trained  animals  that  were  perform¬ 
ing  at  learning  asymptote,  the  observed  dissociation  be¬ 
tween  the  background  irrelevant  click-evoked  potentials 
within  the  SI -S2  interval  and  behavioral  performance  is 
in  accord  with  previous  studies  (Benson  &  Hienz,  1978; 
Benson  et  al  ,  1981;  Goldstein  et  al . ,  1 982)  that  reported 
no  changes  in  background  auditory  cortical  activity  dur¬ 
ing  the  performance  of  overleamed  responses. 

In  summary,  for  the  parameters  used  in  this  experiment, 
the  results  show  that  when  the  cats  were  attentive  to  the 
relevant  auditory  stimulus  (S2),  no  inhibition  or  enhance¬ 
ment  of  irr—  vant  auditory  information  took  place  The 


evoked-potential  responses  to  the  irrelevant  auditory 
stimuli  within  the  S1-S2  interval  had  approximately  the 
same  amplitude  during  attention  to  the  relevant  auditory 
stimulus  (S2)  as  during  relaxed  wakefulness  preceding  and 
following  the  presentation  of  the  relevant  tones.  This  study 
has  shown  that  not  all  auditory  stimuli  delivered  to  the 
attended  ear  are  enhanced  in  amplitude  during  attention 
to  the  relevant  stimuli.  These  negative  results  cannot  be 
accounted  for  simply  by  lack  of  controls  of  the  auditory 
stimuli,  the  changes  in  arousal,  or  the  intensity  of  the 
stimuli.  However,  the  possibility  exists  that  a  slow  rate 
of  stimulus  presentation  might  have  produced  negative 
results.  In  addition,  the  animals’  attention  could  have  been 
narrowly  focused  upon  the  frequency  cues  specific  to  the 
relevant  tones  without  modulating  the  irrelevant  click- 
evoked  potentials  with  very  different  spectral  charac¬ 
teristics. 

The  lack  of  auditory  attention  effects  on  irrelevant  click- 
evoked  potentials  in  the  present  study  may,  in  part,  reflect 
the  stage  of  learning  of  the  S1-S2  response  task.  It  would 
be  expected  that  as  an  experimentally  naive  animal  teamed 
the  S 1 -S2  response  task,  an  increase  in  both  background 
and  relevant  tone-evoked  neural  activity  would  occur. 
However,  with  extensive  training  on  the  S 1 -S2  response 
task,  as  in  the  present  experiment,  behavioral  performance 
would  be  maintained  while  the  background  activity 
declined  and  remained  constant.  A  clear  dissociation  was 
demonstrated  between  the  amplitudes  of  the  background 
irrelevant  click-evoked  potentials  and  behavioral  perfor¬ 
mance.  This  dissociation  could  be  attributed  to  the  learn¬ 
ing  of  automatic  behavioral  responses  that  do  not  require 
as  much  attention  (Hillyard,  1974). 

Although  the  results  of  the  present  study  call  into  some 
question  the  generality  of  the  concept  of  a  precortical  gat¬ 
ing  mechanism  subserving  the  "stimulus  set"  mode  of 
attention,  the  present  data  do  not  exclude  precortical  gat¬ 
ing  of  auditory  information  during  initial  behavioral 
response  acquisition.  Although  our  previous  studies  (Oat- 
man,  1971 ,  1976)  demonstrated  a  cross-modality  gating 
effect  during  selective  attention,  apparently  it  is  not  neces¬ 
sary  that  a  similar  gating  function  occur  in  every  situa¬ 
tion  demanding  selective  attention  (Hackley  &  Graham, 
1984).  This  view  is  consistent  with  the  suggestion  of 
Naatanen  and  Michie  (1979)  that  there  may  be  several 
forms  of  attention  and  that  only  certain  forms  of  atten¬ 
tion  require  a  peripheral  gating  mechanism. 
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